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Protective immunity relies upon differentiation of T cellsito the appropriate subtype
required to clear infections and ef cient effector T cell Icalization to antigen-rich tissue.
Recent studies have highlighted the role played by subpopations of tissue-resident
memory (Trm) T lymphocytes in the protection from invading pathogens. fie intestinal
mucosa and associated lymphoid tissue are densely populatt by a variety of resident
lymphocyte populations, includingab and gd CD8C intraepithelial T lymphocytes (IELs)
and CDA4C T cells. While the development of intestinajd CD8C IELs has been extensively
investigated, the origin and function of intestinal CO4 T cells have not been clari ed. We
report that CCR9 signals delivered during naive T cell primg promote the differentiation
of a population of a4b$ IFN-g-producing memory CD4® T cells, which displays a
Trm Molecular signature, preferentially localizes to the gastintestinal (Gl) tract and
associated lymphoid tissue and cannot be mobilized by remea antigenic challenge. We
further show that this population shapes the immune microevironment of Gl tissue, thus
affecting effector immunity in infection and cancer.

Keywords: chemokine, memory T cell differentiation, tissue res ident cells, T helper (TH) 1 immunity, tissue

microenvironment

INTRODUCTION

Immune surveillance of the gastrointestinal (GlI) tract isigeentionally thought to depend on the

generation of a sizable cohort of recirculatimg)?'gh memory T cells, which become able to access
the gut parenchyma and gut—associated lymphoid tissue (GALT)

The gut wall is densely populated by a variety of resident immutle oequired for e ective
immune responses against pathogens, while allowing coegésteith commensals and preventing
autoimmunity. For example, intraepitheliab and gd CD8® T lymphocytes (IELs) reside within
the intestinal epithelial layer provide a rst line of deferaehis extensive barrieff. A substantial
cohort of memory CD& T cells is also present in the intestinal wall, particularlyttie lamina
propria (LP) (2). Most of these cells display a Thl phenotype in mice and humans).(LP
CD4C T cells also bear a distinctive homing phenotype, includinggpression ofisb; and CCR9
(6). While the ontogenesis of TC&bs/gd CD8aa intraepithelial T lymphocytes (IELs) has been
extensively investigated)( the origin and function of this CD% T cell subset remain uncleaB)(
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Fuetal. CCL25 Induces Tissue-Resident Memory T Cells

Tissue-derived factors play a key role in the di erentiatidifo ~ Antibodies
cells that populate non-lymphoid tissue, including tissusident Naive T cells were puried by immunomagnetic
memory (Trm) T cells, which arise during priming, reside long- negative selection using Easy3tp Mouse Naive T
term in tissues and play a key role in local protection fromcells Isolation Kits (Stemcell Technologies) according to
re-infections ). For example, the CXC-chemokine receptor 3manufacturer's instructions.
(CXCR3) is required for the localization of e ector T cells to The anity-puried polyclonal goat anti-mouse CCR9
the epidermis and for subsequengn cell di erentiation (10. Ab was purchased from Novus Biological (NB100-
Similarly, CXCR3 is instrumental for the localization of etec  708). The immunogen for this antibody is the peptide
T cells to the lung epitheliumi(l, 12). In the intestine, genetic IPGMFDDFSYDSTASTDDYMNLNFSSFF, corresponding
deletion of CCL25 or its receptor CCR9 results in depletion ofo amino acids 10-37 of Mouse CCRO. Its biological activity has
IELs (L3, 14), which was attributed to impaired ability of these T not been described.
cells to localize to the gut wall. CCL25 expression is entthnce For immunohistochemistry, the following antibodies were
in inamed intestine (L5, suggesting that its availability in used: Armenian hamster anti-mougeD11c (1:50, clone N418,
GALT increases during immune activation and the generatibn BioLegend), polyclonal Rat anti-mouse CD31 Antibody (clone
immunological memory. MEC 13.3, Cat No: 102502, BioLegend), rat anti-mouse CCL25

Based on these observations, we have investigated tAé (clone 89827, R&D), Rat anti-mouse MadCAM-1 (clone:
contribution of the CCR9-CCL25 axis to the generation andVIECA-367, Cat No: 16-5997-85, ThermoFisher). Alexa Fluor
function of CD4 T cell-mediated immunological memory in 555-conjugated Goat Anti-Rat IgG (EL) (1:100), and Alexa
the intestine and associated lymphoid tissue. We show thdluor 488-conjugated Goat Anti-Hamster IgG (H.) (1:100)
CCR9 signals during priming promote the development of awere purchased from Invitrogen/Life Technologies.
Th1 population with features of gy cell which regulates the All ow cytometry antibodies were used at 1:200 dilution
local immune environment and protective responses against Glnless otherwise specied. APC-conjugated anti-moagé;
infections and tumors. (clone DATK32), PE-conjugated anti-mouse CCR9 (clone

CW-1.2), PerCP-eFludr 710-conjugated anti-mouse IL-4
(clone 11B11), eFludr 450-conjugated anti-mouse IL-17A

MATERIALS AND METHODS (clone eBiol17B7), PE-conjugated anti-mouse IL-17A (clone
Mice eBiol?B?),. PE-conjugated anti-mouse .anti-mouse. T-bet
Mice were used at the age of 7-11 weeks. C57BL/6 mi glone eBiodB10 (4B10, 4-B10), _PE-conjuga_ted anti-mouse
were purchased from Charles River (UK). Female Marily ata-3 (Clone TW%;YJ), FITC-cc_)nJugated arm-mouse Ch4
mice, bearing a transgenic TCR specic for the male clone GK1.5), - eFlu 450-conjugateq antl-mous.e cb4

. . . . . (clone RM4-5), APC-eFludr 780-conjugated anti-mouse
mggpégﬂngﬂggggs antlgden TYI %e%tld?_me:;'t?p@lby CD8 (clone 53-6.7), APC-conjugated anti-mouse FoxP3 (clone
( ) and restricted by Tnolecules, FJK-16s), PerCP-eFlubr 710-conjugated anti-mouse b@

have Eeen. prewou;ly describe) In' this stqdy, Marllynj TCR (clone RR4-7), eFlu8r 450-conjugated anti-mouse Ly-6C
Rag2~ mice obtained by backcrossing for nine generation . . .

- - - : S(clone HK1.4), PerCP-Cyanineb5.5-conjugated anti-moubd €
were usedccl25~ and ccr9 mice have been previously . - .

. X ! i [clone eBio1D3 (1D3)], PE-conjugated anti-mouse F4/86rel
described 13, 14). OT-Il mice, bearing a transgenic TCR : ;

. . . . BM8), FITC-conjugated anti-mouse CD11c (clone N418) were
specic for the ovalbumin peptide epitope OM¥s 330 |\ hoced from eBioscience. PE/Cy7-conjugated anti-mouse
(ISQAVHAAHAEINEAGR) and restricted by H2-Amolecules, P jce. FEILY/-COnjug: .

- . 7 - CD3 (clone 145-2C11), Brilliant Violet 78%-conjugated anti-
have been previously described).(All the in vivo experiments . ) -
: mouse CD45 (clone 30-F11), Brilliant Violet 685conjugated
were conducted under the Home O ce regulation and approved_ .. D11b (cl M1/70). Al Flo . d
by the local Ethics Committee ant!-mouse ¢ (clone 0), Alexa " OO-conJL_Jgate
’ anti-mouse Ly-6G (clone 1A8) were purchased from BioLegend.
The LIVE/DEAD™ Fixable Aqua Dead Cell Stain (Cat L34957)
Reagents were purchased from ThermoFisher. Rabbit anti-mouse
The cell linker PKH26 was purchased from Sigma-AldrichPhospho-Akt (Ser473) (clone 193H12) was purchased from Cell
and used at 2M. CFSE was purchased from Invitrogen andSignaling. Mouse neutralizing CCL25/TECK MAb (Clone 89818)
used at 4nM. Dylight 488 Amine-Reactive Dye and Kits was purchased from R&D. Puri ed polyclonal goat anti-mouse
were purchased from Thermo Scienti c. In proliferation assaysCCR9 Ab (NB100-708) was purchased from Novus.
measuring CFSE dilution by ow cytometry, the average numbe  For accuracy, in ow cytometric analysis of cells experiments
of cell divisions that a cell in the original population hasgating settings based on staining with isotype-matched robnt
undergone (Division Index) was measured using Flowjo 7.@ntibodies were made ona 1:1 mixture of cells from experimenta
(TreeStar Inc). and control animals.
The chemokine CCL25 was purchased from PeproTech EC _ )
Ltd. The Dby peptide was purchased from Cambridge Biosciencé&eneration of Bone Marrow-Derived DCs
Pertussis Toxin was purchased from Sigma. 3,7-dimethyl-2,8B8one marrow (BM)-derived DCs were obtained from WT
octadienal (Citral) was purchased from Sigma and used in th€57BL/6 (H2-b) mice. Femurs from 7-to-10-week-old female
co-cultures at a working concentration of Griv. mice were removed and BM cells were ushed out with PBS
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using a 27-gauge needle (Fischer Scienti c, Loughboroug), inItration was quantied by randomly selecting ten 10x-
Red blood cells were lysed from the cell suspension with lysimagni ed elds and assessing the number of uorescent cells
bu er (Sigma). BM cells (5 10°) were seeded per well in a six in each eld, as previously described7j. Quanti cation of T
well plate in RPMI 1640 medium supplemented with 10% FCS;ell in ltrates observed by wide eld uorescence microgyo
2mM glutamine, 50 IU/mL penicillin, 56g/mL streptomycin, was performed using a purpose-designed software to run in
50mM 2-ME, and 2% murine granulocyte-macrophage colonythe LabView (V7.1, National Instruments) environmeritj,
stimulating factor (GM-CSF) obtained from the supernatant ofwhich allows identifying single uorescent cells within the
the GMCSF hybridoma (gift from Dr. Jian-Guo Chai, King'stissue. To minimize the e ect of arbitrary choice of eld,
College, London, UK). Cells were cultured at @7in the tissue in ltration was quantied by randomly selecting ten
presence of 5% CO2. On days 3 and 5, fresh culture mediudOx-magnied elds from 3 to 6 tissue samples of each
was added to the plates. DCs were matured overnight wittissue. The number of in ltrating cells obtained was then
100 ng/ml lipopolysaccharide (LPS) and used between 7 and #eraged and assessed statistically. In ltration is exptess

days post-isolation. the mean of uorescent cells per ten 10x eld in a given
experimental condition.
Measurement of RALDH Activity in DCs Flow cytometric analysis was performed using a LSR

Cell aldehyde dehydrogenase (ALDH) activity was detercineF ORTESSA (Becton Dickinson, Mountain View, CA) and FlowJo
by using the ALDEFLUOR staining kit (Stemcell Technologies/ersion 7.6.5 software (Tree Star Inc, Ashland, OR, USA).

Cambridge, UK) according to the manufacturer's instrucgon .
In brief, DCs treated with or without 0.6M citral were M?asurement of AKT/PK,B PhOSphorylatlon
Naive T cells and DCs were stimulated with 300 ng/ml CCL25

resuspended at $0cells/ml in ALDEFLUOR assay buer o X . O
containing activated ALDEFLUOR substrate and incubated #&nd harvested at the indicated time points, xed with 2% PFA

37 C for 30min. ALDH inhibitor diethylaminobenzaldehyde o 15min at 37C, washed twice with PBS, permeabilized with
(DEAB) was used as negative control. ALDEFLUOR-reactivao ic€-cold methanol for 10 min at20 C then washed twice

cells were detected by ow cytometry in the FITC channel. with PBS. Intracellular staining was carried out after iy
blocking permeabilized cells in RT FACS bu er (0.5% BSA/PBS

C Na3VvO04) for 30min and incubation with a dilution of

’ - ) . 1:300 of Phospho-Akt (Ser473) rabbit anti-mouse antibodsgll(C
For stlmul_atlng cytok_me_ productlon, T cells (2 1C/mL) Signaling Technology) for 30 min at room temperature. Cells
were re-stimulated with irradiated unpulsed or Dby (Ab HY |\ o o \wvashed and stained with secondary APC-R{&agment
epitope) peptide-pulsed B6 female T cell-depleted splenocyteséénkey anti-rabbit 1gG (KCL) (Jackson ImmunoResearch,

1G°/mL) in 24-well plates for 6 in the presence of monensing,, o UK) at 1:300 for 30 min at room temperature. Cells were
(GolgiStop; BD Biosciences Pharmingen). Cultured cells wetg ., analyzed using ow cytometry.

stained with antibodies for surface molecules. After waghi
cells were xed, permeabilized with Cyto x/Cytoperm solutio
(BD Biosciences Pharmingen), washed and resuspended in
aibodics for miracellar cytokines orisope-matclueirgl | DCS Were incubated with Dylght 48-labeled (300ng/m
Y yp .Thermo Scienti ¢, UK) CCL25 or albumin (control) for 40 min,

:tna;[:rt:ﬁ](é;%su ;\fftc()err (?wr;?/ltovr\:waest?i’c ?nealt;zlilss were resuspended 'ollowed by washing in PBS. One hundred and fty microliters
' of Dylight 488-CCL25 treated DCs were spread onto a slide
. . . coated with poly-I-lysine (Sigma). Slides were incubated for
Wide Field Deconvolution Fluorescence 25min at 37C, followed staining with 1:50 hamster anti-
Microscopy and Flow Cytometry mouse CD11c antibody (clone N418, BioLegend). Samples were
Tissue samples were either processed for ow cytometric aisalysxed in 4% paraformaldehyde for 10 min at 3Z. Following
(lymph nodes and spleen) or embedded in Optimal Cuttingthree washes in PBS, the sections were incubated with the
Temperature compound (OCT, Agar Scienti ¢ Ltd, UK), snap-secondary antibody Alexa Flubr555 goat anti-hamster 1gG
frozen and stored until analysis. (Life Technologies) for 30 min at room temperature followed
Frozen tissue sections were laid onto Polylisine Microscopey three washes. Sections were mounted on microscopy
slides (VWR International Lutterworth, Leicestershire, JJleft  slides with 4,6-diamidino-2-phenylindole (DAPI) mounting
to dry overnight, and then mounted in Vectorshield mounting medium (Vectashield). Alternatively, cells were analyzed by
medium for uorescence with DAPI (Vector Laboratories, ow cytometry.
Peterborough), to visualize the nuclei. Slides were \izegl
with a Coolview 12-cooled CCD camera (Photonic Sciencdielminth Infestation Model
Newbury, UK) mounted over a Zeiss Axiovert S100 microscop8ix to eight week old C57BL/6 mice were obtained from
equipped with Metamorph software (Zeiss, Welwyn GarderCharles River UK Ltd (Margate Kent, UK). All experiments
City, UK). A 10 and NA 0.6 objectives and standard epi-were performed at least twice and the sizes of the experimental
illuminating uorescein and rhodamine uorescence lter ties groups were 3-5 mice per group per time point. Experimental
were used and 12-bit image data sets were generated. Tissuemals were infected with 150 embryonatBiippostrongylus

Intracellular Cytokine Staining

PCS STAINING WITH LABELED CCL25
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brasiliensiseggs on day 0 by oral gavage. Maintenance andycler (Biorad), according to the manufacturer's instioos.
recovery of the parasites were conducted as described psdyiouPrimer sequences are below:

(18). To assess cytokine production, mesenteric lymph nodes

(MLN) and spleens were removed from uninfected and infected

animals and single cell preparations were resuspended in RPNif"® Forward sequence Reverse sequence

1,640 supplemented with 10% heat-inactivated FO8V2. -
glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and

GAPDH GGCAAATTCAACGGCACAGT AGATGGTGATGGGCTTCCC
GTAATGATCCAGTCAACGGG CCAGCAAGCTTGCAACCTT

0.05mM 2-mercaptoethanol (all from Life technologies, Paisley, GGAC AACCA
UK). Cells were cultured at 3T and 5% CO2 in at-bottomed ¢ 4 TCAAGTGGCATAGATGTGGAA TGGCTCTGCAGGATTTTCATG
96-well plates (Nunc, Roskilde, Denmark) ata nal concentnat GAA
of 5 1°/ml in a nal volume of 0.2 ml/well. Cells were | 5 GCCAGCGCTGAAGACTTC CTTGTCAACAGAGCTCGGTG
stimulated withN. brasiliensi€S antigen (26g/ml) or plate- 17 TTTTCAGCAAGGAATGTGGA  TTCATTGTGGAGGGC AGAC
bound anti-CD3 antibody (mAb145-2C11, d@/ml, ATCC). 1Grp  CCATCCATGACATGAACCGG — TGGTATCCAGGGCTCTCC
Cell free supernatants were harvested after 48 h and stored @&, g CAGTCACCTGCTGCTTTCAT  ACAGCTTCCATGGGGCAC

80 C. Cytokine analyses were carried out using commerciallyc 1o cccTeTCCTTCCTCATTCTTACA AGTCTTGAAAGCCCATGTGAAA
available sandwich ELISAs for IL-4, IFj\(Mabtech AB, Nacka, ., TGAGCTTTGTACAAGGAGAACC GGTGTGCCGTCTTTCATTACA

Sweden), IL-13 and IL-10 (R&D systems, Abingdon, UK).

P tic Ductal Ad : Model Statistical Analysis
ancreatic Ducta enocarcinoma iioage Results are expressed as mean standard error of the mean (SEM)

The KPC pancreatic ductal adenocarcinoma (PDAC) cell Iin%r mean SD. The StudentsTest and ANOVA test were used
was derived from a KPC mouse generated from crossing thRII reported p-values are two-sided. A value of<0.05 was
LSL-Kras-G12D, LSL-p53-R172H, and Pdx-1-Cre mice (NClregarded as signi cant

Frederick, MD). Mice were immunized i.p. with 5 1P KPC
cells, which had previously undergone 5 rounds of freeze-
thawing in liquid nitrogen, mixed with 5 1 autologous RESULTS
splenocytes in a volume of 108 PBS, with and without 0.06 . .
mg/kg CCL25. For orthotopic implantation of KPC cells into Activated C.CR9 ¢ C[_)A'C T CE‘.”S A'Cqu”e
the pancreas of C57BL/6 mice, while the mice were anestbetizéd407 Integrin Expression in vitro in the
a small incision was made in the skin and peritoneal liningPresence of DC-Bound CCL25
and the pancreas externalized. Using a Hamiftorsyringe, Following activation in the draining lymph nodes, T cells lbza
700 series, removable needle volume rd5 needle size 22s to non-lymphoid tissue by expressing appropriate homing
gauge (bevel tip) (#10100332, Fisher Scienti ch 10°  receptors. We therefore began our investigation by evaigatie
KPC cells in a volume of 5m PBS were injected into e ect of exposure to CCL25 during activation on the expression
the body of the pancreas. Mice were checked daily and thef the gut homing receptoragb; during the generation of
experiment was terminated 28 days post orthotopic surgeryl cell memory by a series dh vitro experiments. In our
Tumors were weighed after excision and processed for imaming hands, the CCL25 receptor CCR9 is expressed #0% of
ow cytometry. CD8&° and 4-15% of CD% naive T cells (CD42"CD62LPright,
Supplementary Figures 1A,B in line with previous reports
. . (19. A series of preliminary experiments using antibody-
Processing of Tumor Tissue activated naive T cells showed that the presence of CCL25
Pancreatic tumors were minced using a sterile scalpel blade aoptimally upregulatedayb; expression by WT, but not CCR9-
single cell suspensions were generated using enzymatstidige de cient naive T cells. This e ect was observed only when
(1 mg/ml Collagenase D, and b@®/ml DNAse 1). Tumor debris CCL25 was delivered to the cultures bound to autologous
was removed using 70 micron lters (BD Falcon) before stagni DCs rather than in soluble form and when T cells were
for ow cytometry or RNA extraction. allowed to directly interact with the DCs in the cultures
(Supplementary Figures 1C,0 As DC di erentiation in GM-
L . . CSF enhances retinaldehyde dehydrogenase (RALDH) activit
Quantitative Real-Time Polymerase-Chain and production of retinoic acid 40), which in turn induces
Reaction (QRT-PCR) gut-homing receptorsZ1), to detect CCL25-speci ¢ e ects DCs
Tissues were harvested and stored &0 C until processing. were pre-treated with the RALDH inhibitor 3,7-dimethyl-2,6-
Tissues were sliced and homogenized with stainless stadl beoctadienal(Citral) Supplementary Figures 1E Y-
using TissueLyser. RNA was puri ed using Qiagen RNAeasy To conrm these observations, CFSE-labeled ovalbumin
Kit according to the manufacturers instructions. ReversgOVA)-specic TCR-transgenic OT-Il T cells were stimulated
transcription was performed according to the manufacturersy antigen-pulsed DCs pre-exposed to increasing concentration
instruction (Applied Biosystems). Gene expression analysss waf CCL25, which led a proportional increase afb7-
done using SYBR Green Supermix (Biroad) in CFX connect lightxpressing T cells in the divided populatidfigures 1A,B. The
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FIGURE 1 | CCR9 signals promote the acquisition of gut-homing receptes duringin vitro T cell activation.(A—C) OT-1I T cells were labeled with CFSE @M) and
stimulated with OVA»3 339-pulsed mature C57/BI6 bone-marrow (BM)-derived DCs pre-gated with increasing concentrations of CCL25 (pre-DC) or BS alone. As
a control, T cells were activated in the presence of retinoiacid (RA) or pre-treated with CCL25 and subsequently exposkto untreated antigen-presenting DCs
(pre-T). After 3 days, expression of the integringby by CFSE°Y T cells was assessed by ow cytometry. The bar graph shows the rean data from three experiment
of identical design each performed in triplicate (SEM). In panel(C), the stimulation index calculated for the different cultes is shown (N D 3). Asterisks over each
column bar represent comparison with control. Asterisks oer lines represent comparisons between the columns includg&between the lines.(D) Representative
confocal microscopy image of non-permeabilized DCs incubied with green Dylight 488-labeled CCL25 (300 ng/ml) or albuin (control) and counter-stained with
Hamster-anti-mouse CD11c. Scale baD 40 nm. (E,F) Naive T cells(E) or DCs (F) were exposed to CCL25 (300 ng/ml) for up to 15 min and phosphoriation of Akt at
serine 473 was assessed by antibody staining and ow cytomety. Representative histograms of the experimental conditis indicated beside each pro le are shown
in the left-hand panels. pAktSeg73 expression by non-stimulated T cells or DCs (TO, NS), and by dells and DCs stimulated for 5 min with anti-CD3 (tg/ml) or LPS
(100 ng/ml), respectively, are shown. The right-hand panelshow the mean uorescence intensity (MFI) indicative of Akt gisphorylation obtained in 3 experiment of
identical design each performed in triplicate (SEM, *p < 0.05 vs. NS).(G,H) Puri ed naive T cells were exposed to the NB100-708 anti-CCR%ntibody (5mg/ml)
cross-linked with 2.5mg/mL Donkey-anti-goat IgG for up to 15 min and phosphorylatiorof Akt at serine 473 (pAkkgrg73) Was assessed by ow cytometry.

(G) Representative histograms of T cells stained with the pAképeci ¢ antibody are shown in the left-hand panel. pAkgeg 473 expression after 5-min stimulation with
anti-CD3 is shown. The mean MFI values obtained at the indited time points obtained in three experiments of identical eésign each performed in triplicates is shown
on the right-hand panel ( SD, *p < 0.05, **p < 0.01 vs. time 0, NS), which includes pAk&er473 expression by CCR9-competent T cells in the presence an
Isotype-matched antibody (IsC) (WT) and bgcr9 = T cells (KO) incubated with the anti-CCR9 Ab(H) In some T cells CCR9 was antibody-activated in the presence
of pertussis toxin (PTX, 0.2ng/ml). A histogram displaying pAkger473 measured at 10 min after stimulation is shown on the left handide. The mean MFI values
obtained in three experiments of identical design each pesfmed in triplicates are shown in the right-hand panel (SD). » < 0.05, **p < 0.01, ***p < 0.001,

*rp < 0.001.

presence of CCL25 however did not a ect the rate of T celbound to a large proportion of DCsHgure 1D), indicating
division (Figure 10).
With the exception of a tolerogenic plasmacytoid subset, DCBurther experiments conrmed that binding of CCL25 to

do not express CCR29). However, confocal imaging of CCR9- DCs does not elicit Akt activation, while small but consistent
depleted bone marrow-derived DCs exposed to labeled CCL2Z5kt phosphorylation (comparable to that induced by CD3
(or Albumin as a control) revealed that the chemokine wasantibody-triggering) occurred in naive T cells exposed to
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FIGURE 2 | CCL25 promotes differentiation of an antigen-speci c,a4bg'gh CD4C T cell population. TCR-transgenic, MY(A,B) or OT-11(C,D) naive T cells

(107 /mouse) were labeled with CFSE (#M) and injected intravenously into WT andcl25 = syngeneic female recipients. Twenty-four hours later, régient mice
received cognate peptide (100mg Dby or 0.5 mg OVA-DEC peptide) plus ODN adjuvant (5éng/mouse) orally. As a control, some mice received adjuvant dy (ODN
alone). Five days after immunization, T cells were separdyeharvested from mesenteric LN (draining LN, dLN), PeyerBatches (PP), inguinal and axillary (non-draining
LNs, ndLN) and the spleen. T cells were identi ed by gating onthte CcD4C Vbe© (MY) or \b2C (OTII) lymphocyte populations. Expression afzb; (A,C) and CCR9
(B,D) by divided T cells was assessed by ow cytometry. In similar exgriments depicted in panels(E,F), CcD4C T cells from Marilyn mice (MY 16/mouse) were
labeled with CFSE (4nM) and adoptively transferred into syngeneic female reciaits, which received an intraperitoneal injection of CCL2&eutralizing antibody
(Anti-CCL25, 10 mg/kg) or Isotype Control antibody (IsC Ab). Tenty-four hours later, recipient mice received cognate Dbpeptide (100 mg) plus ODN adjuvant (50
mg/mouse) orally. Five days after immunization, T cells wereparately harvested from mesenteric LN (draining LN, dLNpeyer's Patches (PP), inguinal and axillary
(non-draining LNs, ndLN) and the spleen. T cells were iderg¢d by gating on the CcD4C vbe© (MY) lymphocyte populations. Expression ofizb7 (E) and CCR9 (F) by
divided T cells was assessed by ow cytometry. In all panels, th mean number of divideda4b$ and CCRSC T cells from three independent experiments of identical
design is shown below a set of representative dot plots (SD). Staining with an isotype-matched control antibody angbroliferation and differentiation in draining lymph
nodes of mice injected with adjuvant alone are shown on theght-hand side of each set of dot plots. To avoid the reciprocheffect of the presence of other responder
T cell populations, results are presented as absolute numbrs. *p < 0.05, **p < 0.01.
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the chemokine Figures 1E,§. The ability of CCR9 to elicit CCR9 Signals Promote the Development of
signals in naive T cells was conrmed by the induction ofg Th1-Like Phenotype by Inducing

Akt phosphorylation by a stimulatory anti-CCR9 antibody Expression of the Transcription Factor
(Figure 1G), which was prevented by exposure of the T cells tol_ Bet

pertussis toxin (PTXFigure 1H). . .

The experiments described above also revealed that IFN-
. . g production by asbS MY and OT-Il primed T cells
CCL25 PromOteS tpr%r?'ﬁeregt'at'on Of_a ) was impaired in CCL25-de cient mice immunized orally
Population of a4b7 CD4* T Cells in vivo (Figures 3A-D. Di erentiation of IL-4- or IL-17-producing

We next sought to establish the contribution of CCL25 to theT cells in the proliferating populations appeared una ected

di erentiation of CD4C a4b2"9™ T cells in physiologic conditions  (Supplementary Figures 3A,B

during oral immunization. To further explore this observation, cultures were set up
First, we analyzed the localization of this chemokine initiga  to assess the e ect of CCR9 signals on T-bet expression.
murine gut parenchyma and GALT. Endogenous CCL25 wad stimulatory anti-CCR9 antibodyHigures 1G,H capable of
present in the gutlamina propria (LP) and Peyer's patches mimicking the e ects of CCL25 on CD4T cell di erentiation
(PP) where it co-localized with CD1%ccells, but not in in vivo (Supplementary Figures 3C,D was used in these
mesenteric and other LNS(pplementary Figure 2Ain steady €xperiments, as induction of T cell di erentiation by CCL25
state conditions. CCL25 was found on the vessels in the LtP, btequires the presence of DCs, which might provide additional
not in GALT (Supplementary Figure 2B Following induction ~ T-bet-inducing signals. T cells were stimulated with plate-
of in ammation, CCL25 was retrieved on CD149ccells also bound anti-CD3 in the presence of the CCR9-stimulating or
in the mesenteric LNs Supplementary Figure 2¢, but not isotype-matched control antibody. As a positive control forITh
on high endothelial venules (HEXBupplementary Figure 2[),  di erentiation, T cells were activated in the presence of IL-
suggesting that gut-produced CCL25 is transported to thd2 and anti-IL-4 mAb. Antibody triggering of CCR9 during
draining LNs via CD11¢ cells (likely migratory tissue-derived activation with anti-CD3 led to a signi cant increase of IFN
DCs)—as unbound CCL25 directly transported to the LN wouldg-producing asb$ T cells Figure 35. Importantly, enhanced
di use and bind to HEV. production of IFN-g was accompanied by expression of the
Next, puried naive TCR-transgenic Marilyn (MY, male Thl-associated transcription factor T-bet selectivelyaibs-
antigen HY-speci ¢ H2-A-restricted, Figures 2A,B or OT-II expressing T cellsH{gure 3F. This, in turn, was inhibited by
(Ovalbumin-speci ¢, H2-AR-restricted, Figures 2C,[) T cells treatment with pertussis toxin (PTX), con rming that CCR9
were labeled with CFSE, and adoptively transferred into femasignals directly and selectively promote the di erentiation
ccl25=  and WT recipients (H2-b haplotype), which were of Thl properties in a4b$ T cells. Control experiments
subsequently immunized orally with cognate peptide inra§ Wwere conducted with CCR9-de cient T cells, which failed to
of CpG ODN adjuvant. Five days later T cells were isolatetpregulate T-bet in response to the CCR9-stimulating antibody
from draining mesenteric lymph nodes (MLN, dLN), Peyers(Figure 3G. Additionally, antibody-activation of CCR9 led to
patches (PP), spleen, and non-draining LNs (ndLN, inguinaSTAT1 activation Eigure 3H), a response associated with the
and axillary). Expression ofisb; and CCR9 by T cells that development of a Th1l phenotyp@4).
underwent division was monitored by ow cytometry. As shown  Optimal expression ofisb; by CD4 T cells has been found
in Figure 2, discrete populations ai4b'7“gh (Figures 2A,Q and  © be regulated by basic leucine zipper transcription factor,
CCR® (Figures 2B,D) T cells di erentiated within dividing ~ATF-like (BATF), an AP-1 protein family factoe). Antibody-
TCR-transgenic T cells in dLN following oral immunization, activation of CCR9 concomitant to TcR and CD28 engagement
These populations were signi cantly reduced iecl25 = induced BATF transcriptionKigure 3I) and protein expression

recipients. Interestingly, while CCR9 upregulation occurred®Y CD‘_F (Figure 3) T cells, thus highlighting an additional
in most proliferating T cells, only a small fraction @ib;- transcriptional mechanism by which CCR9 signals aect T

expressing T cells was consistently detected at the 4—5tidrou C€ll di erentiation.
of division. Administration of adjuvant alone did not lead tell . L .
division or upregulationasbs. All asbs-expressing T cells were ECtOpic Administration of CCL25 Induces
also CCRS (Supplementary Figure 2 the Differentiation of a4b$CCR9C Thl Cells

In parallel experiments, treatment with a neutralizing CCL25CCL25 is not produced in the skirB(26) and priming in skin-
antibody signi cantly reduced the developmenta)szg:CCRé: draining LNs prevents the development af;b? T cells ¢7)
T cells in dividing MY T lymphocytes transferred into syngenei due to inhibition of RALDH activity by PGE(28). To rule out
C57BL/6 female 43 during priming (Figures 2E,l. The that CCL25-mediated accumulation aﬁb?CCRé:-expressing
role of CCR9 signals in the development of this T cellnaive T cells in the GALT prior to priming might underlie the
population was further conrmed in similar experiments in expansion ofa4b$ T cells, the chemokine was delivered in the
which lack of CCR9 expression by adoptively transferred Bubcutaneous tissue together with cognate antigen. Tocte e
cells resulted in a signicantly reduced number of dividedphysiologic conditions, the dose of CCL25 was estimateddbase
T cells expressingub? in the GALT in response to allo- on the concentration of CCL25 measured in the murine non-
immunization (Supplementary Figure 2J in amed ileum in vivo (300 pg/ml) @9, and corrected by the
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FIGURE 3 | CCR9 signals inducea4b$ Thi-like cells. MY(A,B) or OT-1I(C,D) naive T cells (18/mouse) were labeled with CFSE (&) and injected intravenously
into WT andccl25 = syngeneic female recipients. Recipient mice received cogtte peptide (100mg Dby or 0.5 mg OVA-DEC peptide) plus ODN adjuvant (56ng)
orally 24 h later. Five days later, T cells were separately heested from mesenteric LN (draining LN, dLN), inguinal arakillary (non-draining LNs, ndLN) and the
spleen. Production of IFNg by divided MY (A) and OT-1I(C) T cells was assessed by intracellular staining and ow cytomigy. T cells were identi ed by gating on the
CcD4C vbe© (MY) or \&2€ (OTII) populations. Panel$C) and (D) show the production of IFN-g by a4b$ divided MY an OTII T cells, respectively. The mean number of

T cells from three independent experiments of identical degn is shown below each set of representative dot plots (SD, n D 3, N D 2). (E,F) Naive T cells
(Continued)
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FIGURE 3 | were activated either with plastic bound anti-CD3 in cultwe medium, or under Th1l-skewing culture conditions or in the psence of an activating CCR9
antibody (7mg/ml). In some experiments, T cells were activated in the presee of the anti-CCR9 antibody in the presence of pertussis tan (PTX, 0.1mg/ml).
Representative dot-plots of IFNgC a4bg: and T-bet® a4b$ T cells (gated on CD& CD4C populations) 5 days after activation and the mean number of ells from
three independent experiments of similar design is shown ipanels (E,F), respectively ( SD). Of note, Th1-skewing culture led to T-bet expression mialy inagb, T
cells (F). (G)WT andccr9 = naive T cells were activated either with plastic bound anttD3 under Th1-skewing culture conditions or in the presencef an activating
CCR9 antibody (7mg/ml). Five days later, expression of T-bet was assessed by owytometry. A representative histogram and the mean T-bet MFRrom three
independent experiments of similar design are shown (SD). (H) Naive T cells were activated either with plastic bound anttD3 and antiCD28 under Th1-skewing
culture conditions or in the presence of an activating CCR9ribody (7mg/ml) or isotype-matched antibody control. Three days laterexpression of phosphorylated
(p)STAT1 (Sefp7) was assessed by ow cytometry. Representative histogram ad the mean pSTAT1 MFI from three independent experiments ofimilar design are
shown ( SD).(1,J) Naive WT T cells were stimulated with plate-bound anti-CD3ral CD28 antibodies in the presence of either Tng/mL anti-CCR9 or isotype control
antibody cross-linked with 2.5mg/mL Donkey—anti-goat IgG overnight. T cells were harvestedral expression of BAFT mRNA(I) protein (J) by CD4C T cells was
assessed by real-time PCR and intracellular staining, reggtively. Staining with an isotype-matched control antibdy and proliferation and differentiation in

draining lymph nodes of mice injected with adjuvant alone arshown on the right-hand side of each set of dot plots. Bar grah show the mean values obtained in
three experiments of identical design each performed in plicates ( SD). < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001.

concentration of subcutaneously administered drugs mestsu T cells from naive precursors distinct from those generating
in the draining LNs (i.e., 1/1,000 of the injected dos#))( a4b$ IFN-g-producing T cells. Furthermore, IL-£70T-Il T
Dylight 488-labeled CCL25 injected s.c. was detected arells were mainly detected in skin dLN and did not localizé&®
CD11& cells, but not on CD3% vascular structures of draining GALT. Analysis of OT-II T cells retrieved in the dLN following
LNs (Figure 4A). In addition, administration of CCL25 in the oral immunization of WT and CCL25-de cient mice con rmed
absence of antigen did not increase the localization of CCR9that IL-17-producing T cells preferentially expand in the gut in
a4b$ naive T cells in the draining LNs compared to injection ofccl25 = animals Figure 5B).
saline solution Supplementary Figures 4A,B

As shown inFigure 4B, following s.c. immunization of Rag2- CCL25-Induced Memory T Cells Localize
de cient Marilyn mice with male-derived splenocytes codojed

with CCL25, a signi cantly larger population af4b‘7: CD4° MY to the G!Jt Wall and Peyer's PatCheS and do
T cells became detectable in both draining and non-drainingNOt Recirculate Upon Remote Antigen
LN, PP and the spleen consistent with the ability of recirina ~ Challenge
T cells primed in the skin to rapidly migrate to both local Di erentiation a4b‘73 T cells induced by CCR9 signails vivo
and distal lymphoid tissue3(l). CCL25 injection alone did not consistently occurred in a small population of activated T cells
induce proliferation (not shown). Cytokine analysis reveale (Figure 2) suggesting that only a fraction of TCR-transgenic
an increase of IFNy -producing T cells Figure 40, which— CCRY$ T cells undergoes such di erentiation pathway. The
unexpectedly—was accompanied by a signi cant decrease @&neration of these T cells by s.c. immunization in the presen
IL-17-producing T cells Kigure 4D). Production of IL-4 was of CCL25 provided the opportunity to further characterize
unchanged $upplementary Figure 4¢. this population without the need to discriminate them from
We further explored the di erentiation of cytokine-producing other a4b(7: CCR$ T lymphocytes already present in the
CD4C T cells activated in skin-draining LNs in the presenceGALT microenvironment.
of CCL25 by assessing the expressioragif;, CCR9, IFNg, First, we sought to con rm that T cells primed in the presence
and IL-17 by- and the recirculation of- adoptively transtur of CCL25 in the subcutaneous dLN develop topographic memory
OTII T cells.azby CCR$ OTII T cells di erentiated in skin-  for the Gl tract and associated lymphoid tissue and to de neith
draining LNs by 3 days after activatiorFiures 4E-Gand distribution within this organ. CD4%9" T cells were isolated
Supplementary Figures 4D,E, and subsequently exited this site from dLNs of Marilyn+ag2 = mice immunized subcutaneously
and selectively localized to the MLN by day Figures 4H-J  (s.c.) either in the presence or absence of CCL25, then thhete
and Supplementary Figures 4D,F where they had also began adoptively transferred into syngeneic C57BL/6 male rectgieh
to produce IFNg (Figure 41 and Supplementary Figure 4k cell localization in a number of sites was analyzed 24 h layer
In this instance, we did not observe increase of gut-homingvide eld uorescence microscopy. As shown Figures 6A-G
T cells induced in the presence of CCL25 in all lymphoidadoptively transferred T cells activated in the presence ofZ5CL
sites, possibly re ecting the smaller size of the adoptivelpreferentially localized to MLNs and PP compared to those
transferred TCR-transgenic T cell population compared to thaprimed in the presence of saline solution. Strikingly, onlyells
available during immunization of mice with a wholly transge  activated in the presence of CCL25 gained access to the gut wal

TCR repertoire. (Figure 6A and Supplementary Figure 5, where they localized
In contrast, IL-17-producing T cells did not change in inthe LP as well as in the epithelial layer.
the dividing population containing IFNg producing T cells Second, we assessed the ability of these T cells to recirculat

(Figures 4G,J. However, we noticed that the number of IL-17- by delivering a remote antigen challenge. Primed CHs#4
producing OTII T cells Figure 5A) was signi cantly decreased uorescent TCR-transgenic T cells were isolated from the
in the CFSIEEW T cells 5 days after immunization, suggesting thespleen and dLN of DsRed-expressing Marilyn-Ray2 mice
possibility that CCL25 a ects the di erentiation of IL-£70T-Il  immunized s.c. with male splenocytes and CCL25 a week earlier
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FIGURE 4 | Subcutaneous co-delivery of antigen and CCL25 induces the evelopment ofa4bhlgh Th1T cells.(A) Dylight 488-labeled CCL25 (0.06 mg/kg) was
subcutaneously injected into mice. Two hours later, the dLBlwere harvested. Tissue sections from dLN were stained withamster anti-mouse CD11c antibody (clone
N418, BioLegend), or rat anti-mouse CD31 Antibody (MEC13.3BioLegend) overnight at 4 C. Following three washes in PBS, the sections were incubatewith the
secondary antibody Alexa Flud? 546 goat anti-hamster 1gG or Alexa Flud? 555 goat anti-rat IgG (Life Technologies) for 30 min at room teperature followed by
three washes. Sections were mounted on microscopy slides wh 4 ,6-diamidino-2-phenylindole (DAPI) mounting medium (Veashield). Images taken by wide eld
uorescence microscopy are shown. Scale bar, 20mM. (B—D) Female Marilynrag2 = mice were immunized by subcutaneous administration of 5 108
male-derived splenocytes in saline solution or the presercof 0.06 mg/kg CCL25. One week later T cells were separately hraested from axillary (draining LNs dLN),
PP, mesenteric LN (non-draining LN, ndLN), and spleen. Mdyn (MY) T cells were identi ed by gating on the CD4Vb6C T cell population. The number 0b4b
(B), IFN-g- (C) or IL-17-expressing(D) T cells was measured by ow cytometry. The mean number of T cedlfrom two independent experiments of identical design is
shown below each set of dot-plots ( SD, n D 3). (E-J) OT-Il naive T cells from (lb/mouse) were labeled with CFSE (#nM) and injected intravenously into syngeneic
recipients, which were immunized 3 h later by s.c. adminisation of 0.5 mg OVA-DEC plus 50mg poly IC adjuvant (InvivoGen) re-suspended in saline soluti@r in the

presence of CCL25 (0.06 mg/kg). T cells were separately hars¢éed from draining LN (axillary, dLN), mesenteric LNs (mLNsPeyer's Patches (PPs) and spleen 3
(Continued)
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FIGURE 4 | (E-G)and 5 days (H-J) later. Expression ofazby (E,H) and IFN-g (F,I) or IL-17 (G,J) by CFSEO T cells was assessed by ow cytometry by gating on
CD4CVa2C T cells (OTII TCR). Staining with an isotype-matched contrahtibody in draining lymph nodes of mice injected with adjwant alone are shown on top of
each set of dot plots. The mean values obtained in at least 3 geriments of identical design are shown below each set of reesentative dot plots ( SD). < 0.05.

FIGURE 5 | CCL25-induced TRy cells reduce differentiation of IL-17-producing T cells. G naive T cells were labeled with CFSE @M) and injected intravenously
into syngeneic recipients (18/mouse), which were immunized 3 h later by s.c(A) or oral (B) administration of 0.5mg OVA-DEC plus 50mg poly IC adjuvant
(InvivoGen) re-suspended in saline solution or in the presea of CCL25 (0.06 mg/kg). T cells were separately harvesteddm draining LN (axillary, dLN), mesenteric
LNs (mLNs), Peyer's Patches (PPs) and spleen 5 days later. gression of IL-17 by T cells was assessed by ow cytometry by gahg on CD4Cva2C (OTII TCR)
CFSEOW T cells. For clarity, the plots displaying CFSE dilution onidlded T cells are shown on the left-hand-side of each paneln which the red squares indicate the
gate used for detection of IL-1 T cells. The mean values obtained in at least three experimenof identical design are shown below each set of representave dot

plots ( SD,n D 3).* < 0.05.

Following isolation from LN and spleen, T cells were adopgivel antigen re-challenge s.c. did not elicit migration of th@seells
transferred into naive female C57BL/6 recipients. A weedr,lat to the skin-draining LNs Figure 6B, suggesting that CCL25-
mice were challenged with antigen (Dby peptide) either orallynduceda4b(7:CCRS§: T cells do not recirculate once localized in
(Figure 6B) or s.c. Figure 6Q) without co-injection of CCL25. the gut wall and associated lymphoid tissue.

The presence of uorescent MY T cells in the draining and We therefore analyzed the expression of receptors associated
non-draining LNs and PPs was assessed for up to 4 days lataith lymphoid and non-lymphoid tissue retention signals by
Following oral re-challenge the majority of DsRed MY T cellsa4b$CCRS53 MY T cells, which had divided (i.e., CFSE-low)
converged to the MLN and PPF{gure 6B), irrespectively of upon s.c. immunization in the presence of CCL25 a week earlier.
expression ofyb7 and/or CCR9. Similarly, antigenic challengeAs a control, the phenotype of MY T cells divided following
s.c. led to T cell localization to the draining axillary LNsimmunization in saline solution was analyzed. As shown in
(Figure 60, suggesting that the majority of T cells primed in Figure 6F a larger proportion ofa4b‘7:CCRS§3 MY T cells

the presence of CCL25 recirculate and migrate to remote siteisplayed CD62L compared tyb, CCR9 divided MY T cells.

of antigen challenge. However, thaab?CCRS? T cell subset Both T cell populations expressed the S1PRigyre 6G), a
induced by s.c. immunization with CCL25 remained localizeckey receptors necessary for T cell egress from lymph nodes
to the mLN and PP upon remote (s.c.) antigen administration(32). However, onlya4b(7:CCR§ T cells expressed the S1PR1-
(Figure 6D). Even co-delivery of the chemokine CCL25 duringblocking molecule CD69Higure 6H) (33), which is required
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FIGURE 6 | CCL25-induced a4b(7: CD4C T cells localize to the Gl tract and do not recirculate. T callisolated from dLN of Marilynrag2 = mice immunized s.c. with
male splenocytes either in the presence or absence (salinef the chemokine CCL25 (0.06 mg/kg) were labeled with the reduorescence cell-linker PKH26 (2mM)
and injected i.v. (1d/mouse) into syngeneic C57BL/6 male recipients. Localizatioof labeled T cells in the indicated tissues was analyzed 24later by wide eld
uorescence microscopy. Representative images and the meamumber of labeled cells detected in at least three samplesdm each recipient in three independent
experiments (1 D 3) are shown in(A). Scale bar: 300mm. cD4ghi DsRED-expressing Marilyn T cells were isolated by cell sarg from the dLN (axillary) and spleen of
mice immunized s.c. 7 days earlier in the presence of CCL25B,C) T cells were subsequently transferred into naive female CBL/6 recipients, which received an
antigen challenge in saline solution orall{B) or s.c. (C) a week later. The presence of DSRED Marilyn (MY) T cells in tHeNs, ndLN and PPs was assessed 4 days
after antigenic challenge. MY T cells were further identi etly the expression of \b6. The mean number of T cells from at least three recipients SD) is shown on the
right-hand-side of representative dot-plots (5 < 0.05). (D,E) Recipients of T cells from mice primed s.c. in the presence a€CL25 were also antigen-re challenged

s.c. in the absence or presence of CCL25. To discriminate tha4b(73 and CCRY® cells within the MY CD# T cell population gating was set on DSRED and CD4.
(Continued)
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FIGURE 6 | DSRED Marilyn (MY) T cells in the dLNs, ndLN, and PPs were agaéd 4 days after antigenic challenge. The mean number of T de from at least three
recipients ( SD) is shown on the right-hand-side of representative dotots (o < 0.05, **p < 0.01). (F—I)CD4C T cells from Marilynrag2 = mice (107/mouse) were
labeled with CFSE (4nM) and injected intravenously into female syngeneic recimits. Recipient mice were immunized 24 h later by s.c. admistration of 5 108
male-derived splenocytes re-suspended in saline solutioor in the presence of CCL25 (0.06 mg/kg). One week later, T caliwere separately harvested from draining
LN (axillary, dLN), mesenteric LNs (mLNs) and Peyer's Pateb (PPs) and spleen. Expression of the indicated moleculesas assessed by ow cytometry. Comparison
are made on Marilyn T cells identi ed by gating on the total dided CD4C Vb6 CFSEW T cell population from mice immunized in the presence of sale, and on the
CD4CVbGCCFSE°Wa4bg'gh T cell population from mice immunized in the presence of CCI®2 CD4CVb60CFSF_"""’az;bg'gh T cells were retrieved in negligible
numbers from mice immunized in the presence of saline, makgnit unfeasible to analyze this population. In panéF), representative dot plots are sided by graphs
representing the mean % of T cells detected in at least threeramals, In panels(G-I), representative histograms of CCL25-induced or control T ells are shown. The
blue histograms depict staining with an isotype-matched catrol antibody (IsC). In each panel, the column graphs displaje mean delta MFI (experimental MFI—IsC
MFI) detected in T cells from three animals (SD, *p < 0.05, **p < 0.01, **p < 0.001) N D 2).

for the retention of T cells in the PPS34), and agb7 integrin ~ Addressin Cell Adhesion Molecule (MAdCAM)-1, which enables
(Figure 61), which mediates adhesion of T cells to the epitheliumaccess bya4b(7: T cells is expressed at high levels by
(39 and is characteristically expressed by IE)sThus, CCL25- the vascular endothelium of PDACFigure 7B but not of
induceda4b$CCR93 T cells display phenotypic features similar adjacent tissue 3¢). Mice were immunized intraperitoneally
to those of km cells. with tumor cell lysates in the presence or absence of CCL25a
week before receiving intrapancreatic PDAC cell injection,
having previously conrmed that also this immunization
C_CL25'|nduced Thl_ Cells Regulate the route in the presence of CCL25 induces the dierentiation
Tissue Immune Environment of asb$ Marilyn T cells Supplementary Figure § Mice
We nally tested the hypothesis that the ability of CCL25-were sacriced 28 days after tumor implantation, and the
induced a4b$CCR§ mucosal T cells to inuence cytokine tumor was weighted and processed for analysis. As shown
production might enable them to dene the tissuein Figure 7F tumor growth was signicantly reduced in
microenvironment. As strong Thl responses are bound tamice previously immunized in the presence of CCL25. A
occur during most bacterial Gl infections rendering it didt  detailed analysis of immune cell in Itrates showed a signi tan
to discriminate the role of this small population from overall increase of CD3-expressing cellgure 7G without increase
immune activation we rst assessed the impact of CCL25ef CD4° or CD&® populations Supplementary Figures 7A,B
de ciency in a model oN. brasiliensigfection in mice, in which  In addition, a signi cantly larger number of T cells expressed
resistance is dependent on CBZ cells of the Th2 typedl). higher levels of PD-1 Higures 7H,l), without increase of
WT and CCL25-decient mice were infected with CD4C FoxPZ T cells Supplementary Figure 7, indicating
embryonatedN. brasiliensiseggs, and worm burdens, fecalimmune activation. These tumors contained higher numbers
egg count (FEC) and cytokine responsesvivowere analyzed of in ammatory monocytes, macrophages and dendritic cells,
at specic time points post infection. As it is shown in while B-cell and granulocyte numbers remained unchanged
Figures 7A—C lack of CCL25 resulted in a relatively small but(Supplementary Figures 7D-Bl We did not detect changes in
signi cant delay in worm clearance, which was associateti wi the production Supplementary Figures 71)Jor transcription
reduced IFNg and increased IL-17 and IL-5 production in the of IL-17 and IFNy (Supplementary Figure 78, but detected a
local lymph nodes, whilst and IL-4 and IL-13 secretion wassigni cant decrease in TAFMRNA (Figure 7J.
una ected. Intestinal mMRNA expression analysis con rmed that As the PDAC cell line was found to spontaneously produce
lack of CCL25 resulted in signi cantly decreased IgNand  CCL25 Supplementary Figure 84, and delivery of chemokine
increased IL-17 mRNA expression in the gligure 7D). No  to tumor-bearing, non-immunized mice was not e ective due
change in IL-33 mRNA expression was observed, suggesting that the extremely fast tumor growth, we further sought to
CCL25 de ciency unlikely a ects epithelial cells. rule out the role of chemotactic activity by the tumor itself
Having established that the CCL25/CCR9 axis inuenceand to assess its expansion in recipient unable to produce
physiological immunity in the intestine by cytokines, weCCL25. To this aim, tumor growth and immune-environment
investigated whether induction of the Tha4b$ population  characteristics were compared in WT andl25 = immunized
could also modulate tissue immune cell inltrates, as itrecipients (without CCL25). As shown ifrigure 7K tumor
has been shown for gy (9, 36. We chose to assess thegrowth was increased in CCL25-de cient recipients, and a
e ect of co-delivering immunogen and CCL25 on anti-tumor detailed analysis ofimmune cell in ltrates revealed a sigantly
immune responses in a model of orthotopic PDAC model.increased number of FoxP3 CBA cells Figure 7L), which was
In the PDAC microenvironment, the prevalent immune cellsaccompanied by a signi cantly larger number of PDI-expregsin
tending to promote tumor progression via immunosuppressioncells Eigure 7M) but without upregulation of this molecule on
include T regulatory cells (%), Myeloid Derived Suppressor a per cell basisHigure 7N). Analysis of cell in Itrates revealed
Cells and Type 2 Tumor Associated Macrophages, whilan overall decrease in in ammatory cells and cytokines, with
dampening immune e ector cells (mainly C58and CD4#  no changes imgfbtranscripts SGupplementary Figures 8B—N
T cells, Dendritic Cells (DCs) and Natural Killer Cells}7.  Collectively, these data show that CCL25 physiologically
We conrmed previous reports in humans that Mucosal promotes anti-tumor responses in the Gl system by modifying
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FIGURE 7 | CCL-induced Try cells affect T cell responses by modifying the immune envimment. Intestinal wormburden and fecal expulsion of helmihtby WT mice
and ccl25 = infected with N. brasiliensisare shown in panels(A) and (B), respectively. In panelC), production of the indicated cytokine fromin vitroworm
antigen-stimulated mesenteric lymph node cultures. Expision of IFNg, IL-17, IL-10, IL-4, IL-13, and IL-33 mRNA in intestinal tissue &m infected mice is shown in
panel (D). n D 5 in each group. Data are representative of two independentx@eriments (mean SEM, *p < 0.05). Expression of MAdJCAM-1 molecules by vascular
endothelium in orthotopic PDAC is shown in pane{E). Mice were immunized with tumor cell lysates and syngeneicgenocyte with and without CCL25 a week before
receiving intrapancreatic tumor cell implants. Pand¥, weight of tumors excised 28 days after implantation. Tumoimmune cell in ltrates were subsequently analyzed
for the presence of cD¥ Tcells (G) CcD4°pPDIC T cells(H) and intensity of PF1 expression on these cell§l). The presence of Tgb mMRNA was assessed by RT-PCR
(J). In parallel experiment WT and CCL25-de cient mice were immuized with tumor cells and syngeneic splenocyte lysates a weebefore receiving intrapancreatic
tumor cell implants. Panel(K), weight of tumors excised 28 days after implantation. Tumoimmune cell in Itrates were subsequently analyzed for the gsence of
CD4CFoxP3F cells (L), CD4CPDIC cells (M) and intensity of PF1 expression on these cell§N) n > 5 N D 4 *p < 0.05; *p < 0.01.

the immune microenvironment rather than by means of itsis not required for e cient T cell entry in the intestine and
chemotactic activity. pathogen clearance during primary infectiorssb7 integrin

is crucial for protection against subsequent infection. The

development of mucosahsb; Trm cells has been recently
DISCUSSION conrmed to be necessary for optimal pathogen clearance

in a model of genital Chlamydia trachomatis infectiod().
This study describes a Th1 population, which develops as @restlogether with this evidence, our own ndings indicate that
of CCR9 signals delivered during priming, maintains expressiofollowing priming asb; persists only in a small, discrete
of asby integrin, display phenotypic features similar to those ofpopulation of Thl cells, suggesting thayb; expression is
Trm and localizes in the gut wall and GALT. essential for the localization and retention of mucosal Tisce

The concept that mucosal immune surveillance is solelithough parabiosis experiments will be required to formally

carried out by circulatinga4b?'gh memory T cells, has been de ne the CCL25-induced Thl cells that we describe here as
challenged by the observation thaib; integrin is lost by Trm cells, their phenotypical feature, mucosal and epithelial
the majority of recirculating memory T cells—including tleos localization, lack of recirculation upon remote antigen bbage
activated in the GALT—despite the maintenance of protectivend long-term eect on the immune microenvironment
immunity (39). However, while expression aisb7 integrin  in tumors suggest that these cells are functionally more
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similar to Trm cells than those activated in the absenceThe failure by CCL25 to inducasb; TRM T cells in CCR9-
of CCL25. de cient T cells (unlike RA) and the detection of this small
Similarly to IELs, CCL25-induced mucosal Thl cells expressohort of T cells in a discrete population of divided T cells
agby, which might facilitate their adhesion to the gut epithelium could be explained by the existence of a pre-committed €D4
(35), as well as other typical markers o cells. Importantly, CCRY a4b‘7: precursor naive T cell subset. Alternatively,
this subset specializes in the production of IgN-Trym cells or in addition, specialized di erentiation—in this casaby
have been shown to exert their protective role by producingxpression and IFNy production—might occur in a cohort
cytokines including IFNg (41, 42), which serve to enhance of activated T cells upon very stringent conditions, such
expression of adhesion molecules by the vascular endothelivas the strength of TCR signal$0j in conjunction with
and subsequently promote recruitment and activation of othe CCR9 signals. In this instance, specialized di erentiation is
immune cells 43). In line with these reports, we show that a re ected by a specic number of cell divisions undergone
key function of CCL25-induced Thlgly cells is to modulate by the dierentiated T cells §0), as we have consistently
the immune microenvironment and ultimately the immune observed in TCR-transgenic populations activaiadvivo in
response in an indirect manner, by regulating the recruitinenthe presence of CCL25, independently of the immunization
and activation of other immune cells (as we have observed iroute. In support of this hypothesis, a larger cohort of T cells
the PDAC model), or their function (such as in the parasiteactivatedin vitro by CD3 stimulation—likely to engage the
infestation model). This concept is best illustrated by theant majority of T cells—upregulateab7 expression in the presence
report that antigenic re-challenge ofsfy cells in the skin can of CCL25.
induce a non-antigen-speci c state of alert, with increasssue- In conclusion, our investigation provides proof-of-concept
wide expression of a substantial number of innate immunehat induction of specic subsets of mucosal T cells can be
response genes, including interferon-induced transmeméra achieved by remote immunization, thus paving the way for the
protein-3 (L2). These ndings also provide an explanation for the therapeutic manipulation of mucosal immunity.
paradox that, despite displaying only minor quantitative dése
in gut IELs, genetic ablation of the CCR9/CCL25 axis in micETHICS STATEMENT
leads to exacerbation of intestinal T cell responses, accoiegha
by increased IL-17 productionlf, 44, 45). Consistently with This study was carried out in accordance with the
these observations, we show that the development of CCL2kecommendations of the Home Oce of the UK. The
induced mucosal Thl cells correlates with a decrease o¥iL-1protocol was approved by the Queen Mary University of
producing T cells from distinct naive T cell precursors bothLondon committee.
in vitro andin vivo. The molecular mechanism of this e ect is at
present unclear, butitis likely to be related to the impact tic  AUTHOR CONTRIBUTIONS
25induced mucosal Th1 cells on the immune microenvironment
as suggested from our studies in the helminth infestatiod anHF and HH designed and performed experiments, analyzed and
PDAC models. interpreted data, and wrote the manuscript. MJ, AP, GW, DC,
The transcriptional regulation of dv cell has recently and SS designed and performed experiments and contributed
received much attention 9, especially in view of the to data interpretation and discussion. IS and MaC provided
identi cation of phenotypically and functionally distinct reagents. GC performed experiments. MeC contributed to
Th17- and Thl-like |m cells in the skin 46), however little is  discussions. FM-B designed experiments, interpreted dath, an
known about the stimuli that regulate their di erentiatio®ur  wrote the manuscript.
observations indicate that signals initiated by the CCICXBR9
axis induce mucosal Thl cells. Speci cally, CCR9 signals fav@EUNDING
the induction of a transcriptional program which includes &tb
and BAFT expression. With respect to T-bet expression, CCR®his work was supported by the Medical Research Council of the
triggering might aid optimal positioning of naive CCRT cells UK (G0901084), and the Gates Foundation (OPP1043517).
during priming as it has been shown for CXCR&7( and/or
stabilize cognate interactions with antigen-presentingsDlbius  ACKNOWLEDGMENTS
strengthening TCR signals and leading to Thl di erentiation
(48). Alternatively, or in addition, CCR9 signals might dirgctl We are grateful to C. Mauro and T. McDonald for critical
in uence T-bet expression by converging signals on the Jakeview of the manuscript. We are grateful to Thanushiyan
STAT pathway 49). CCL25 might also enhance Thl responsePoobalasingam and Juho Vuononvirta for their contribution
in an indirect manner, by enhancing their survival via Akt towardSupplementary Figure 2
activation. Further investigations are required to fully ke
this mechanism. SUPPLEMENTARY MATERIAL
Our observations further indicate that the CCR9-induced
transcriptional program leading to the di erentiation of musal The Supplementary Material for this article can be found
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